Introduction {#sec1}
============

Epilepsy is a common seizure disorder and represents one of the most prevalent neurological disorders worldwide.[@bib1] Pharmacotherapy for epilepsy is merely symptomatic and thus does not provide curative therapeutic benefits. Despite advances in the development of antiepileptic drugs, refractory epilepsy remains a major clinical problem that affects up to 35% of patients with partial epilepsy.[@bib2] For intractable cases in which patients develop tolerance and show pronounced side effects, surgical resection is the final option when a discrete seizure focus can be identified. Nonetheless, surgical intervention has palliative effects in many cases and can interfere with essential brain functions. Therefore, the use of the adeno-associated virus (AAV) vector to regulate epileptogenesis constitutes a major therapeutic advancement for the treatment of refractory epilepsy. In this context, intractable pharmacoresistant focal seizures are particularly suited for gene therapy.

Effective and safe therapy becomes feasible by focal augmentation of endogenous anticonvulsive mechanisms without widespread side effects. In addition, direct application of antiepileptic proteins via direct delivery of gene therapy vectors can overcome therapeutic limitations because of the blood-brain barrier. Endogenous mechanisms for controlling neuronal excitability and epileptogenesis have emerged as new prospects for antiepileptogenic therapy.[@bib2] However, systemic administration of antiepileptogenic compounds is compromised by limited bioavailability, poor penetration of the blood-brain barrier, and systemic distribution of the receptors. Therefore, local transduction strategies to facilitate therapeutic use of endogenous anticonvulsant principles are promising strategies when combined with surgical approaches. Augmentation of γ-aminobutyric acid (GABA)-mediated neural inhibition is one of the most effective antiepileptic mechanisms. Focal GABAergic neuromodulation exhibits good potential for regulating epileptogenesis. The GABA-producing enzyme, γ-aminobutyric acid decarboxylase (GAD), is highly suitable for expression in viral vectors given its established safety based on clinical gene therapy studies on Parkinson's disease.[@bib3] The EL mouse is an inbred mutant strain that has been used as an animal model for generalized seizures[@bib4] and a model of multifactorial temporal lobe epilepsy.[@bib5] Epileptic seizures are mediated by two essential physiological mechanisms, namely, abnormality of cellular excitability and network hypersynchronization. The EL mouse is characterized by hippocampal disinhibition and has been suggested to exhibit decreased GABAergic synaptic transmission.[@bib6]

AAV provides a highly promising platform for *in vivo* transduction because of its physical and chemical stability, broad host range (including non-proliferating neuromuscular tissues), and lack of pathogenicity. Transduction with vectors leads to the persistence of episomal forms in the infected tissue, safe and long-term transgene expression, and relatively low intrinsic immunogenicity.[@bib7] Here, we investigated the effectiveness of a gene therapy approach using a recombinant adeno-associated virus serotype 8 (rAAV8) expressing the human GAD for the treatment of epileptogenesis in EL mice. Thus, rAAV8-mediated targeted GAD67 gene transfer serves as a promising therapeutic strategy for the treatment of epilepsies.

Results {#sec2}
=======

*In Vivo* Assessment of Transduction Profile of rAAV8-CMV-GFP {#sec2.1}
-------------------------------------------------------------

Initially, we assessed the extent of rAAV8 transduction and the distribution of the GFP transgene in the mouse brain. We evaluated the transduction pattern using rAAV8-GFP (control vector), which has the same backbone as rAAV8-GAD67. AAV8-GFP (1 × 10^10^ vector genome \[v.g.\]/μL) was infused into one side of the hippocampal CA3 region via stereotaxic injection (0.25 μL/min × 12 min: 3 μL of rAAV8). After 8 weeks of injection, we confirmed strong GFP gene expression throughout the hippocampus ([Figure S1](#mmc1){ref-type="supplementary-material"}). Strong GFP signals were observed in the subiculum and dentate gyrus (DG). The results suggested rAAV8 can undergo both retrograde (CA3 to DG) and anterograde (CA3 to subiculum) transport. Many GFP-positive fibers and a few GFP-positive cells were observed in the contralateral hippocampus ([Figure S1](#mmc1){ref-type="supplementary-material"}). The expression gradient of GFP was observed at a distance from the injection site. The number of GFP-positive cells in the olfactory bulb was less than that in the hippocampus. A few GFP-positive cells and fibers were observed in the ipsilateral side of olfactory bulb (more than 5 mm rostral to the hippocampal injection site). To assess the cellular expression pattern of rAAV8-GFP, double immunofluorescence was performed with GFP coupled with NeuN (neuron marker), GFAP (astrocyte marker), OX42 (microglia marker), and O4 (oligodendrocyte marker). Double-immunofluorescence analysis revealed that most GFP-expressing cells were NeuN positive ([Figure 1](#fig1){ref-type="fig"}).Figure 1Transduction Profile of AAV8-GFP in the Hippocampus of EL MouseFluorescence micrographs illustrating rAAV8-GFP-transduced cells (A), GFP positive cells (green) and NeuN (red :neuronal marker) positive cells (B), GFP positive cells (green) and GFP (red :astrocyte marker) positive cells (C), GFP positive cells (green) and OX42 (red :microglia marker) positive cells (D), and GFP positive cells (green) and O4 (red :oligodendryocyte marker) positive cells (E) in the ventral hippocampus. Arrows indicate typical colocalizing cells. CA1, field CA1 of Ammon's horn; CA3, field CA3 of Ammon's horn; DG, dentate gyrus. Scale bars, 500 μm for (A) and 50 μm for (B)--(E).

rAAV8-GAD67 Prevents Seizures {#sec2.2}
-----------------------------

The GAD67-expressing EL mice caused a significant decrease in the progression of seizures. rAAV8-GAD67 (bilaterally; n = 7) or rAAV8-GFP (bilaterally; n = 7) was infused bilaterally into the hippocampal CA3 regions of 8-week-old EL mice. The epileptic reaction after revolving stimulation was observed in both treatment groups every week. [Figure 2](#fig2){ref-type="fig"} shows the seizure susceptibility that was assessed by our stimulation protocol. Change of seizure susceptibility of the rAAV8-GFP-treated mice and rAAV8-GAD67-treated mice was compared by Student's t test. The mice in the AAV8-GAD67-treated group showed significant inhibition of seizures. After four weeks (13 weeks of age), mice in the rAAV8-GAD67-infused group exhibited a significant reduction in seizure generation. The depression continued and reached stability from 14 weeks (23 weeks of age) after rAAV8-GAD67 injection. In naive EL mice, seizure susceptibility begins at 9 weeks of age and reached about 100% around 20 weeks of age ([Figure S2](#mmc1){ref-type="supplementary-material"}). We observed no differences between naive and rAAV8-GFP-treated EL mice in terms of seizure susceptibility.Figure 2rAAV8-GAD67 Attenuates Seizure Sensitivity in EL MiceFour weeks after delivery of rAAV8-GAD67, a remarkable reduction in the progression of seizures was observed. Severity was obtained by the following calculation: (2.0 × number of the mouse, which indicated score 2 + 1.0 × number of the mouse, which indicated score 1) ÷ total number of the mouse by each group. For instance, when 3 mice show tonic-clonic convulsion and 4 mice show head nodding or tail stiffening, epilepsy intensity can be calculated with 1.43: (2.0 × 3 + 1.0 × 4) ÷ 7 = 1.43.8, p \< 0.05 relative to delivery of rAAV8-GAD67; 6, p \< 0.01 relative to delivery of rAAV8-GAD67.

GAD Is Overexpressed after rAAV8-GAD67 Treatment in EL Hippocampi {#sec2.3}
-----------------------------------------------------------------

GAD expression levels throughout the hippocampus are shown in the western blotting panel with duplicates ([Figure 3](#fig3){ref-type="fig"}). The antibody used for this experiment recognizes GAD65 as well as GAD67. A weak GAD band (65/67-kD) was visible in the naive hippocampal samples. Naive and vector-treated hippocampi showed differences in GAD expression. Results of western blots analysis suggested that the rAAV8-induced GAD67 expression increased over time. In 30-week-old groups, we observed a conspicuous difference between naive and rAAV8-GAD67-treated groups. Immunoblotting results showed the development of seizure resistance following rAAV8-GAD67 treatment.Figure 3Western Blot Analysis of GAD65/67 Expression in the Hippocampi of Naive and Treated EL MiceGAD65/67 expression levels in the EL hippocampus were examined by western blotting. GAD65/67 expression was upregulated in the hippocampi of rAAV8-GAD67-treated mice. Actin served as a loading control.

Reduced \[Ca^2+^\]~i~ Elevation after OGD in AAV8-GAD67-Transduced EL Hippocampus {#sec2.4}
---------------------------------------------------------------------------------

We observed an increase in intracellular Ca^2+^ (\[Ca^2+^\]~i~) in hippocampal slices after oxygen and glucose deprivation (OGD) (95% N~2~/5% CO~2~, glucose-free medium) using Rhod2-AM. ([Figure 4](#fig4){ref-type="fig"}). The first consequence of OGD is \[Ca^2+^\]~i~ accumulation following depolarization. Then, we examined the sequential changes in \[Ca^2+^\]~i~ following OGD of hippocampal slices from DDY mice (epileptic-free control, n = 10), naive EL mice (n = 10), and rAAV8-GAD67-treated EL mice (n = 7). The preceding results suggested that rAAV-GAD67 treatment decreased the excitability of the CA3 region. In the previous Ca^2+^ imaging studies, the temperature is influential to the time course of fluorescence change and the increase ratio. At a temperature of 32°C, fluorescence increased following a 10-min delay of perfusate change (artificial cerebro-spinal fluid \[ACSF\] to OGD) and reached maximum within 15 min after exposure to OGD. Changes in fluorescence were calculated at 15 min after exposing OGD relative to ACSF. The ratio (OGD 15 min/OGD 0 min) of fluorescence change was compared with rAAV8-GAD67-treated EL mice between naive EL mice and epilepsy-free DDY mice. In DDY mice, transient OGD led to increased \[Ca^2+^\]~i~ primarily in the CA1 region of the hippocampus. However, \[Ca^2+^\]~i~ in the CA1 and CA3 regions significantly increased after OGD in naive EL mice. In the rAAV8-GAD67-treated EL mice, \[Ca^2+^\]~i~ elevation in the CA3 region was inhibited significantly under the condition of OGD.Figure 4Fluorescence Quantitation in DDY, Naive EL, and rAAV8-GAD67-Treated EL Mice under Oxygen and Glucose Deprivation ExposureThe changes in \[Ca^2+^\]~i~ concentrations in the hippocampal slices after OGD exposure using rhod2-AM. Changing the incubation medium from normal to OGD caused, an abrupt increase in \[Ca^2+^\]~i~ in the CA1 subfield at 10 min after switching. The sequential changes in \[Ca^2+^\]~i~ following OGD in hippocampal slices from DDY, naive EL, and rAAV8-treated EL mice were examined using rhod2-AM. Regional differences in fluorescence signals increased after 15 min of exposure to ODG (inset panels; OGD 0 min and OGD 15 min). The hippocampal CA1, CA3, and DG regions were selected, and fluorescence signals were measured with an image processor. The baseline fluorescence (F~0~) was normalized to 1.0. Values represent mean ± SD. Fluorescence intensities at time 15 (*F*~*15*~/*F*~*0*~, average ± SD) were 2.23 ± 0.12 (naive EL mice, n = 8), 2.09 ± 0.11 (rAAV8-GAD67-treated EL mice, n = 5), and 2.11 ± 0.05 (DDY mice, n = 8) in CA1; 2.11 ± 0.21 (naive EL mice), 1.83 ± 0.11 (rAAV8-GAD67-treated EL mice), and 1.71 ± 0.21 (DDY mice) in CA3; and 1.61 ± 0.26 (naive EL mice), 1.56 ± 0.21 (rAAV8-GAD67-treated EL mice), 1.58 ± 0.19 (DDY mice) in dentate gyrus (DG). The results were analyzed by Tukey-Kramer. \*Risk rate is less than 5%. \*\*Risk rate is less than 1%. Hippocampal slices from DDY and rAAV8-treated mice showed significantly lower \[Ca^2+^\]~i~ than those of naive EL mice after OGD exposure.

c-Fos Expression in the EL Hippocampus {#sec2.5}
--------------------------------------

The EL mice were sacrificed within 2 h after the final rotatory stimulus, and c-Fos expression was examined. Representative images of c-Fos expression in the hippocampus are presented in [Figure S3](#mmc1){ref-type="supplementary-material"}. The c-Fos expression patterns in the naive EL mouse changed across the different developmental stages. c-Fos expression started with primary motor cortex, progressed to the locus coeruleus and prefrontal cortex, and appeared in the hippocampus and amygdala.[@bib8] EL mice younger than 7 weeks did not undergo seizures, whereas 100% of 30-week-old mice underwent seizures. c-Fos expression level were compared between naive and rAAV8-GAD67-treated 30-week-old mice. At 30 weeks, a difference was observed between rAAV8-GAD67-treated mouse and naive mouse. Downregulation of c-Fos expression was observed in the CA1, CA3, and DG of rAAV8-GAD67-treated mice relative to those of naive mouse ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D).

Discussion {#sec3}
==========

AAV vectors often undergo long-distance anterograde and retrograde transport after brain injection, although the transduction varies widely among AAV serotypes.[@bib7], [@bib9] To examine AAV8 transduction, 8-week-old mice were unilaterally injected with rAAV8-GFP in the hippocampal CA3 region and sacrificed at 8 weeks post-injection. As shown in [Figure S1](#mmc1){ref-type="supplementary-material"}, local GFP expression was more pronounced in the hippocampus than in the ipsilateral cortex. Therefore, we considered reduction of epileptogenesis with local GAD67 expression using rAAV8.

Several reports showed weak expression of GABA and GAD in the parietal cortex and hippocampus in EL mice.[@bib10], [@bib11] In the present study, we employed gene therapy to deliver GAD67 to the EL hippocampi. Focal gene transduction of the epileptic EL mice was examined, using rAAV8 expressing the human GAD67 to enhance GABA-mediated neural inhibition. The rAAV8-GAD67 injection led to significant inhibition of seizure progression. Results of the rhod-2 Ca^2+^ imaging study showed that excitability was markedly reduced in the GAD67-transduced hippocampi. Furthermore, downregulation of c-Fos expression in the hippocampal CA3 region was observed in parallel with acquisition of seizure resistance.

The hippocampi of EL mice propagated discharges that appeared to trigger manifest convulsions. In the mammalian brain, GABA biosynthesis depends on conversion of glutamate by GAD. GAD exists in two isoforms, GAD65 and GAD67, which are encoded by two distinct genes.[@bib12] GAD65 expression was predominantly observed in the GABAergic synapse, while GAD67 was found to be evenly expressed throughout the cytosol.[@bib13] Both isoforms synthesize GABA. Sloviter et al. were first to report that the source of GABA in mossy fiber terminals was GAD67. They showed that GABA and GAD67 were normally present in mossy fiber terminals of rat, monkey, and human hippocampus and that seizures upregulated GABA and both isoforms of GAD.[@bib14] Furthermore, previous studies manifested that the GABA released from mossy fibers was synthesized from the 67-kDa isoform.[@bib15], [@bib16], [@bib17] As shown in [Figure 2](#fig2){ref-type="fig"}, rAAV8-GAD67-treated and rAAV8-GFP-treated mice showed significant differences in the severity of epileptic seizure. rAAV8-GAD67 treatment significantly reduced epilepsy intensity in EL mice. In this experiment, the epilepsy-causing stimulus is 10 rotations. Treated EL mice had significantly lower total seizure scores but retained weak attacks. In the EL mice, seizure is induced by abrupt accelerating movements, including tossing the animal into the air or performing rotating movements.[@bib18] In estimating the seizure score with a mild stimulus, such as tail suspension or tossing up, instead of rotating movements, there is a possibility that epilepsy was suppressed perfectly. As for tonic-clonic convulsions in GAD67-expressing mice, the frequency was reduced significantly, but significant decline in attack duration was not observed.

EL mice were found to exhibit disinhibition in the hippocampal CA3 region.[@bib19] In naive EL mice, abrupt increases in the \[Ca^2+^\]~i~ concentration on the CA1 and CA3 subfields were observed under ischemic conditions. In the \[Ca^2+^\]~i~ elevation in the CA3 region was significantly depressed in the rAAV8-GAD67-treated EL mice. The preceding results suggested reducing CA3 excitability can inhibit epilepsy.

We examined the changes in c-Fos expression in the hippocampus by conducting immunohistochemical experiments. c-Fos immunoreactivity has been examined in several animal seizure models to identify brain regions involved in seizure activity. At 10 weeks of age, c-Fos expression emerged in the hippocampus and amygdala as mice approached the age of onset for seizure susceptibility. In naive EL mice, c-Fos expression started with the primary motor cortex at 3 weeks of age, progressed to the locus coeruleus and prefrontal cortex, and appeared in the hippocampus and amygdala.[@bib8] Electrophysiological studies demonstrated that paroxysmal activities in the brains of naive EL mice arise from the parietal cortex and are augmented in the hippocampus.[@bib4] The hippocampus does not act as the site origin but is eventually recruited to the seizure focus. The hippocampus is thought to be the source or primary mediator of seizure activity, and DG has been proposed as a control point for the spread of seizures.[@bib20], [@bib21] c-Fos expression emerged in the hippocampus and amygdala by postnatal day (PND) 70, as mice approached the age of onset for seizure susceptibility.[@bib16] The reduction in c-Fos expression in rAAV8-GAD67-treated EL hippocampi was consistent with reduced epileptogenesis.

Western blotting results indicated that the upregulation of GAD67 expression occurred in parallel with acquisition of epileptic resistance. The increase in GAD67 levels leads to GABA upregulation in the synaptic site. Therefore, GABA augmentation using rAAV8-mediated GAD67 transduction represents an effective strategy for seizure control. The rAAV8-mediated GAD67 transduction for enhancing GABA-mediated neural inhibition represents a good strategy for improving outcomes of the current therapeutic modalities, including anticonvulsive drugs and palliative surgery. Therefore, assessment of the rAAV8-GAD treatment for intractable cases is of great interest for increasing therapeutic benefits and safety.

Based on a different point of view, epilepsy results from an imbalance in the excitatory and inhibitory neurotransmitter systems. Thus, neuromodulators such as neuropeptide Y (NPY), adenosine, and galanin are thought to exert anticonvulsant and antiepileptogenic effects. NPY overexpression in the rat hippocampus induced by the rAAVs significantly reduced seizures in acute and chronic seizure models.[@bib22], [@bib23] In the regulation of neuronal activity both under physiological conditions and during pathological hyperactivity accompanying seizures, important roles of NPY are emerging. However, the two major NPY receptors in the hippocampus, namely, the Y1 and Y2 receptors, appear to mediate opposite effects.[@bib24] The Y2 receptor plays a critical role in mediating the anticonvulsive effect of NPY, whereas the Y1 receptor mediates the pro-convulsive effect of NPY. Therefore, long-term efficacy and safety in clinically relevant animal models remain to be improved. In the present study, epileptogenesis in EL mice was effectively regulated by rAAV8-mediated GAD67 transduction in the hippocampal CA3 region. The flow of information within the hippocampus is largely unidirectional. Axons from the subiculum to project mainly to the DG. Some axons (mossy fibers) from DG project to the CA3 region, while fewer axons project to the CA1 region. The CA3 axons (Schaffer collaterals) loop up to the apical dendrites and then extend to the CA1 region. Axons from the CA1 region then project back to the entorhinal cortex.

The local transduction strategy developed here to augment GABA concentration would be useful for the treatment of intractable and pharmacoresistant focal seizures and for the development of seizure gene therapy strategies.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Experimental animals included seizure-prone EL and control DDY mice, from which EL mice were originally derived but which are not prone to seizures. The EL mouse can be classified as a model of human temporal lobe epilepsy or complex partial seizures with secondary generalization.[@bib25] The abnormally low distribution of GABA and low GAD activity in the parietal cortex and hippocampus were revealed by ultra-microenzymatic chemistry.[@bib26] Male mice were used in this study. All mice were housed under light-dark cycle conditions maintained with 22°C to 24°C and 48% humidity. All mice were provided free access to food and water. Seizures in EL mice can occur spontaneously between 10 and 14 weeks after birth. Although the details of the onset of seizure susceptibility remain unclear,[@bib4] the seizure threshold was lowered by repetition of the stimulation. In the experiments, mice were carefully exposed to routine rotating stimulation once a week starting at 4 weeks of age. All experiments were conducted in accordance with the protocols approved by the Institutional Animal Care and Use Committee of Jichi Medical University.

Proviral Plasmid Construction and Recombinant AAV Vector Production {#sec4.2}
-------------------------------------------------------------------

We propagated the AAV8 vector proviral plasmid harboring GFP cDNA, the woodchuck hepatitis virus post-transcriptional regulatory element (WPRE), and the CAG promoter, a modified chicken actin promoter harboring a cytomegalovirus immediate early enhancer (CAG-EW). For total RNA extraction, mouse brains were homogenized a Multi-Beads Shocker (Yasui Kikai, Osaka, Japan), and RNA extraction was performed using the RNeasy Micro kit (QIAGEN, Crawley, UK). First-strand cDNA was synthesized using a Super Script III First-Strand Synthesis System for RT-PCR (Life Technologies, Carlsbad, CA, USA). The GAD-1-encoding cDNA fragment was used as a template for PCR amplification using PrimeSTAR HS DNA polymerase (Takara Bio, Shiga, Japan). The following PCR primer pairs were used: forward primer 5′-TCAATCGATTGAATTCCGCCACCATGGCATCTTCCACTCCTTCGCCTGCAACC-3′ and reverse primer 5′-CCAAGCTTGCCTCGAGTTACAGATCCTGACCCAACCTCTCTATCTC-3′. PCR produces subcloned into the EcoRI and *Xho* I site of pCMV, under the control of the cytomegalovirus (CMV) promoter, to generate pCMVmGAD-1. The expression cassette was further subcloned into the *Not* I site flanked by inverted terminal repeats (ITRs) in the AAV8 vector proviral plasmid. The vector genome was packaged into the pseudotyped AAV8 capsid in HEK293 cells. A large-scale cell culture method with an active gassing system was used for transfection.[@bib27] The vector production process involved triple transfection of a proviral plasmid, a chimeric helper plasmid encoding AAV2 rep/AAV8 cap genes (pAAV2/8, a gift from Dr. James M. Wilson),[@bib28], [@bib29], [@bib30] and an adenovirus helper plasmid pHelper (Stratagene). All viral particles were purified via CsCl gradient centrifugation, followed by a dual ion-exchange procedure with high-performance membrane adsorbers.[@bib31] Viral titers were determined via qPCR, with real-time detection of PCR products using SYBR green and the MyiQ single-color detection system (Bio-Rad, Hercules, CA, USA). The following primer set was used for GFP: forward primer 5′-GTGAGCAAGG GCGAGGAG-3′ and reverse primer 5′-GTGGTGCAGA TGAACTTCAG G-3′ or the primer set targeting GAD-1 described earlier.

Stereotaxic Injection of rAAVs into Hippocampus {#sec4.3}
-----------------------------------------------

Male EL mice at 8 weeks of age were anesthetized with isoflurane (1% to 3%), and the intracerebral injection of AAV vectors was performed by stereotaxic surgery as previously described.[@bib32] Mice were placed on a stereotaxic frame, and rAAV8-GAD (3 μL; 1 × 10^10^ v.g./μL; n = 7) or rAAV8-GFP (3 μL; 1 × 10^10^ v.g./μL; n = 7) was infused bilaterally into the CA3 region. Once the needle was in place, 3 μL of rAAV was infused at a rate of 0.25 μL/min for 12 min. After completing the injection (CA3 subfield: posterior 2.1 mm, lateral 2.6 mm, and dorso-ventral 1.4 mm), the needle was left in place for 5 min to allow the vector to diffuse from the injection site.

Immunohistochemistry {#sec4.4}
--------------------

Mice were deeply anesthetized with pentobarbital sodium (Merck Sharp, Darmstadt, Germany) before intracardiac perfusion with saline, followed by treatment with 4% paraformaldehyde in 0.05 M PBS. Brain tissues were immediately removed, post-fixed overnight at 4°C, and soaked in a 15% sucrose solution in PBS at 4°C. Afterward, 40-μm-thick free-floating sections were prepared using a freezing microtome and subjected to histochemical analysis. For immunohistochemical analysis, brain sections were first incubated in a pretreatment buffer (0.1 M PBS, 0.1% Triton X-100, 1.5% goat blocking serum) for 0.5 h at room temperature. Then the sections were incubated with monoclonal antibodies targeting the following cellular markers: the neuronal marker NeuN (1:500; Chemicon MAB377); the astrocyte marker glial fibrillary acidic protein (1:1,000; Monosan PS032); the microglia marker OX42 (1:500; LsBio); and the oligodendrocyte marker O4 (1:200; Chemicon MAB345). Following overnight incubation, the sections were then incubated for 1 h with Alexa Fluor 546-conjugated goat-anti-rabbit immunoglobulin G (IgG) (1:1,000; Invitrogen) or Alexa Fluor 546-conjugated goat-anti-mouse IgG (1:1,000; Invitrogen) in PBS at room temperature. GFP antibody was chosen from the mouse origin (1:500; GeneTex GNT628528) and the rabbit origin (1:1,000; Abcam ab6556). For c-Fos detection, sections were incubated with rabbit anti-c-Fos polyclonal antibody (1:1,000, Calbiochem PC05) in pretreatment buffer overnight at 4°C. On the second day, brain sections were incubated with Alexa Fluor 488-conjugated goat-anti-rabbit IgG (1:1,000; Invitrogen) for 1 h at room temperature.

Scoring of Epileptic Symptom {#sec4.5}
----------------------------

Mice were suspended by the tail in home cages about 30 to 40 cm above the bedding, turned ten times (about 10 s), and subsequently placed in clean cages with fresh chip bedding. The convulsant responses of the EL mice were observed after rotatory stimulation and were scored based on the following three points (0 to 2). Score 0: no behavioral signals of seizure (mice that exhibited vocalization and twitching without the characteristics of behavioral signs were not considered to show seizure activity). Score 1: rigidity with tail raising, rigidity with tail stiffing, head nodding, facial or forelimb clonus, wild running (single or mixed symptom). Score 2: generalized tonic-clonic seizure (disturbance in posture). The reaction of each mouse was video recorded.

Western Blotting {#sec4.6}
----------------

Mice were anesthetized with ether before decapitation for western blotting. The hippocampi were dissected and stored at −80°C until protein analysis. Samples were then sonicated in ten volumes of SDS sample buffer and centrifuged at 15,000 rpm for 15 min at 4°C, followed by 3 min of incubation at 100°C. Aliquots containing 50 μg of protein were subjected to 10.0% acrylamide gel electrophoresis following standard procedures. Western blotting was performed on polyvinylidene fluoride (PVDF) membranes using a semi-dry blotting apparatus (HorizeBLOT 4M-R, ATTO, Japan). Immunodetection was performed using a GAD67 antibody (1/500 dilution; OriGene TA308881). After overnight incubation at 4°C with the primary antibody, the membranes were incubated in alkaline phosphatase-conjugated secondary antibody (1/1,000 to 1/2,000 dilution; Promega, Madison, WI, USA) at room temperature for 1 h. Immunoreactive bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate (Sigma-Aldrich) and nitro blue tetrazolium (Sigma-Aldrich) in 100 mM Tris/HCl (pH 9.5) containing 100 mM NaCl and 5 mM MgCl~2~. The membranes were rinsed for 15 min between each step with Tris/HCl buffer (pH 7.4) containing 0.1% Tween 20.

\[Ca^2+^\]~i~ Imaging {#sec4.7}
---------------------

Brain tissues were immersed in ice-cold ACSF solution, consisting of 124 mM NaCl, 1.5 mM KCl, 2.5 mM CaCl~2~, 1 mM MgCl~2~, 1.25 mM NaH~2~PO~4~, 22 mM NaHCO~3~, and 10 mM glucose. Brain slices (350 μm) were incubated in the ACSF (pH 7.3) equilibrated with 95% O~2~ to 5% CO~2~ for 30 min at room temperature and loaded with a fluorescent Ca^2+^ indicator, 10 mM rhod2-AM (Dojindo, Kumamoto, Japan), for 90 min. Rhod2-AM-loaded slices were placed in a small flow-through chamber on a microscope stage and continuously perfused (2 mL/min) with the equilibrated ACSF solution at 32°C . Fluorescence images of rhod-2-loaded slices (\>580 nm), at the excitation wavelength of 520--550 nm were obtained through a low-magnification objective lens (UM Plan Fl 10×, Olympus, Tokyo, Japan). Data were recorded using the imaging system as described previously with modifications.[@bib33] Images were sequentially captured every 20 s. For quantitative analysis, the fluorescence intensity at each time point was divided by that of the initial image stored as a reference.

Statistical Analysis {#sec4.8}
--------------------

To analyze the seizure susceptibility of the AAV8 vector-treated group, Student's t test was used. Statistical significance was set at p \< 0.05. \[Ca^2+^\]~i~ changes after ischemic conditions were analyzed by the Turkey-Kramer method (risk rate is less than 5% and risk rate is less than 1% considering as the significant level). Data were presented as the mean and SD throughout the figures.
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